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Abstract

ICll an~ IMP-8 magnetic ficlcldatafronl  ]g84-1988]lavckecn  analyzed in a

magnetic  coordinate system dcfi~~ccl  bYtl~co,ie,~tatio*, oltlles ol:,rlllagllciicd  iPole. TIIC

l]cliomagnctic  laiitucle  dependence of the radial  component o~ the magllciic  field  (~k) has

tllcn keen investigated in the range  o ( magnetic  latitudes (rem 60° shove and hc]ow the

llcliosp}lcri  ccurrcnt sllccl  (I ICS). Br reverses sign abruptly across t}le current skeet,

collsistcni  wiih tllc solar magnetic (icld models  of }>neurr,an  aTIC] KO P P  [1971] ancl

Wo]fson  [] 985] hut inconsistent with the source sur(acc moc~els [1 Jockscrna,  1986].  NO

cvidc,,cc  is (ound  for an asymmetry in {]IC magnetic ~ield sLIggcstcd ]Jy car]ier  studies of

1interl>  alletary mag~letic  Iield data [] ,ullmann, 1 987, 1 lurton,  1990]. A s]ight (-.03 nl’

per degree) ]atitudc gradient  has hccn fcmm d wkich is consisicxlt with the Ml JD model of

l;ncuman and K“oPp  an d tl,e recent model o( Zl,ao  an d 1 ]ockcma [] 994].
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lntrcxluciion

L Lave keen taken  to gJlOLallY  ma], the ol,scrvccl  pLotospLcricVarious approac  es

magnetic  ficlcl into tkc corona. WkLcn extrapolated int,] il]tcrplanetary  space, tllcsc mockls

1 1 “11call x colnparm wIt I owmvations. Eack moclcl  prcclicts  kow illc 11, a@lctic  field will vary

wii], ]atitudc  and tkc  nat-urc o( the [ielcl rot.aiion ac,oss  the 1 ](7S or s e c t o r ~OLl?lC]a~.

~ ( dl I-hrcqL,ire tl,atatsc,meL oLlrcc sLlr ace mo  c s w IIC disiancc  from tkc  Sun the fie]d

lmcomcscntircyra  la] d- laren~ost wiJclYuscd a*~d La\cLec~~s ~~cccss(~lla  tPredictil,gtl~e

Lcliospkcric current sLmt location [I ]cwkscma ct a 1., 1982]  and c]ricniatic)n  [Burton et

a]., ]994]. Atc]ista~)ccs  abovctllc soLlrcc sur(acc  t]lcscnlodcls clc)I)ot accuratc]yprcc~icl

tile (icld magnitude nor do they predict tke rapid field  revm-sa 1 seem at sector boundaries.

More rcccl)t  modifications to {Lcse models, including  tl,e effect of tlIc hc]iospheric current

1s leci, ],ave been made in light of t},c incoming UIYsscs higll-laiitLlclc  ohscrvations [c(.,

Zkao and I Ioekscma,  1995]. wol(son  [ 1 985] dcvclof,ed a coro]~a I magnetic fielcl model

With volun,c  an d sheet  cL,rrents tkroug}i a pu.,e]y  static solutio,,  to tl,c Ml ]1.) equations.

“IIc rnoclel  predicts a constant (icld rnagr,itude  with latitude, ahrLlj,t]y rcvm-sing sign at t}lc

]leliosphcric  cL,rrc,lt  s~ect. ~’hcsc  so]LltioIls  can Lc co,mparcd to t}lc c l a s s i c  w o r k  or

Pncuman and KO PP [ 197I ] wko solved the steady-state MI I I) prok]cm  iteratively to

1 1[ 1 1 L mag,,etic  force, gas pressure, gravity and solaro )taim a sc -consistcllt  sc) utioll in w lic

wind acceleration cvcv-ywl,crc  satisfy the n,o,,icnt~,n  equation. ~’})c solution rcsulis  in

1vo umc currents throughout tkc corona as weII as current sheets  scparatillp  oppositely

dircctcd  field lines. This lnoclel predicts an aLrupt  rcvm sal in tllc sigl) of ]~r at the current

} 1“s lcct,  a s lght positive ~raclicnt with latitude near the crluator asymptotic y approaching a11

constant value over the poles. 1° 1 n~ag~)ctic (icld at large‘Jle relative variatiol I in ra( la

distancm (or these tl~mc models is shown sckmnatica y ,n11 “ figure 1 [mm Wo]/son  [ 1  985].

‘i-he models mmltionc d her-c arc hy no means WI cxkausLivc ]isl.
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(20n,parisons kctwcen Ulysses  at hc]iograp IIc] “ ]alitudcs froni 30° to 810 soLlth a n d

]M1’-8  near the ecliptic plane  show litdc,  if any, cvidcncc  C) ( a Iatituclc  gradient in long-

tcrnl (3 solar rotation)  averages of ihe radial conlponcl~t o ftl]c(icl[l  [S*,, it~,1995].  “J’IIC

1{ 1“a ISCI)CC o a strong  Jalitudc gradicllt  imp lcs tllc! clomin<lllcc O ( ihc field l)y the hcliosphcric

1
,,

c 1  1 lJIYsscs  rcacl,cd  latittldes  kcYo,)dtllatcurrcl]t  s lcct.  J hat comparison was nla c w lcn

occupicxl  l,y t~c currc,,t  sheet  and cxclusivc]y  ,Icgativc ,,,agnclic {icld polarity was ohscrvcd.

Ulysses ohscrvations were conlpared with data fronl nctative  scc[ors  at JM~)-8.  Altllo~l~k

the graclicll{ at high latitude is snla 11 and the (icld is don~inatc c! hy the 1 ICS, the qucsLion

of how the (iclcl varies wit A n,agnetic ]atitu&  near the solar equator was not acldrcssed.  In

the fo]lowing, wc use in-ecliptic clata from lCK  and IMP-8 to study tLis issue in tLc near-

1cquatoria region.

l’rcvioLls  invcstigatio]ls  c] 1 the latitur!c dcpcndcnce  o I the interplanetary nlag+netic

fic]d near the cc]iptic  p]anc suggcsied an asynlnlcby  in the sLrcn#~l of the [icld kciwccn

the l~orLhcrn an c1 soLlthern hcnlisphcres.  In a comparison c) f Pioneer Venus OrLiter at

0.7 A U  and 1 S121<-3  at I AIJ,  l.uhma]ln  et a 1. [] 9~p/] fou,,cl that the magnitude O( the

radial  colnponcnt  o f the field was asyn~n,ctric  an c1 l,cst n~odclcd  hy a hcliolatitude  (~)

dcpcndcnce:  }~r = (] - .8 s in ( ] ) .  ]~LlrLon CL a]., [] 9 9 0 ]  also (oLuld that an asyrnn~etric

n~agnctic  (icl~ yielded the lwst (i{ to a con~parison  o ( 1 SEE-3 and IMP-8 ohswvations,

koth at 1 AU. Neither O( these Inode]s  showed cornp]cte agrccn,cnt  with the data.

111 this stLldy  we have analyzed ICE a]~d IMI)-8 data at I AU in Lc]iornagnctic

1“ 1“ d with the solar n,agl,ctic  dipole, t),c coo,coorc IIlatcs a lgllc dinatc sysLcrn mosL lihc]y  to

“organize”  the  hcliosphm-ic  nlagnctic  licld. As  Sniith  [] 995] ~Joints out, the raclial

rconlpol]cnt  o the nlagnetic field (}~r) rncrits spccia 1 attention sil~ce it is representative O(

the nlagllctic  [icld in the source region of the sola? wind. II) orclcr  to conlpare  with

dlexisting solar rno c s wc have investigated how 13r varies with nlagnetic  ]atitLldc.  In

parLicLl]ar  wc wi11 1) invcsiigatc  the nature of the magnetic /icld  rotation across the
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hc]iosphcric  current skeet, i.e.., v.~hcthcr the field  reverses ahrL]PtlY or smoothly across the

sector  ~oundary,  2) assess any cvi clcncc (or an asymmcby  in the rnognetic field ~ctwccn

the northern an d southern kcmisphcres,  ancl 3) assess any evidence for a gradient in the

field strcll~tl~  with ma$netic Iaiitudc.

Analysis

1 1 1 h dc[incs the  coord inate  system‘1’llc orientation of the solar lma:nctic  ( ipo e w lic

was clctcrminc d graphically (rem the source surlacc  neutra 1 line col,tours  of I lockscma

[1 986]. ‘JIIC  longitude O( the solar dipole is assumed to he 180° ~ron~  t~,c midpoin~  of the

f d “} 1intcn-sections o the asccn Ing and descending ncutlal  line coIltoLlr wlt ~ zero ~ cgrccs

heliographic ]atitL~dc. ‘J’he co]atitL~dc  of t~c  dipole is simply the ~,scudoinclination o~ the

neLltral  ]inc, i.e.., the average 0( the maximum cxlcnt  c) [ tkc  ncL,tral line into the southern

and norlhcrjl  hemispheres. “Il~c neutral line is assumed to be planar  and orthogonal  to the

dipole axis. ~~esc simplifica~ions rcsLj]t.  in a highly it[calizcd  version of the neutral line

‘d 11 1contoLlr varying sin Llso]  a y over a so ar rotation. ‘~le advantage o( this approach is

compLltational simplification 1 ld kc clctcrmin cd Jrorn only, since t le magrlctic atit Ll c can

~wo parameters per solar rotation, the dipole longitude and t~c  pscudoinclination.  An

example is show,  in figL~rc  z (or Barrington rotation 1753 in 19s4. ‘1’hc ncL,tral line zero

1 1 “ h implies that thecrossings arc at 160° and 3200 Barrington Ion$itudc respcc[iw  y w lIC

solar dipole is at 60° Barrington longi Ludc. ‘l’he pseudoiuclinatic,j]  (colatituclc)  for this

1so ar rotation is 4130. ‘l’he resu]ting  iclcalizcd  neutral  ]inc LISC d to determine the magnetic

]atitL~dc  is shown in panel b.

ICI{  and IMI>-8 data Irom the minimum and the asccndinc  phase o~ Solar Cycle

22, 1984-1988 were used for this stLldy. ‘J’hc delay flom the so~lrcc sLlrfacc  to 1 AI-J was

lldk-ca cu ate ta ‘Ing into account both the lonfjituclc  sel, aration  o f the spacecraft and earlh

and the transit time from the source sL,rfacc to 1 AU usi,,g  the mcasLwcd  solar wind
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1Vc CTciiy.  “ 1 1’1 ‘1 IJlc, a (ixccl clclaySince t IC 1 SE E-3 velocity mcasurcmcnis  alc not rca( I y aval a

was LIscc!  for that spacccra 1/ . ‘1’imc series 01 tllc raclial componcIIt  c)f tllc magnclic  field

and tllc nlagnciic  latitude of tl,c spacecraft u,crc inspccle(1 .  Fol II)orc tLan 80% o~ tl~c

1 1“cxamp cs rcvcrsa ITI tllc sign o ( ]~r occurred within  tk? cc days of tllc predicted crossing of

1 ldl  -zcro c cgrcc magnclic  at)iu c, i~l( lcating the method  is cf(cctivc  in prcc lcLing L}IC  location1’

(11o sector >c)un( arics. III addition, solar win d plas,,,a ~,aramctcrs (,,ot SIIOWII)  mcasurc~ ai

I M P - $  snow a magnciic ]atitude dcpc,,dcncc  similar to prcviot,s sLudics [Zhao  a n d

}Iuudhauscn,  1981 and ]+runo et al., 1986] i.e., a minimum in vc]ociLy  and tcn~pcraiurc

and a maximum in dcnsiiy  at zero dcgrccs  ,nag,teiic  Iatiiudc.  ‘J’hcse qualitative

(“ 1 }agreements give con I( cncc  iTI t IC mctkod  used to dc{erminc  mag])ctic latitude.

1 lour]y averages o f Br were kinned in Iivc dc@ cc hcliomag]]ctic  latitude  intervals.

‘J%c sigl~cd  value of ]<r was use din contrast to the carlicv study ]~y 1,ul,mann  w]~o used tl~c

magnitude. Since tkcrc  is certain amount of error  inl,ercnt  i,, estimating t},c sector

houn~ary location , a schcJnc was used to avoid inclusion of data poi,,ts  from the “wrong”

magnetic sector w~~ich  would arLi(icia]ly ]owcr the hlL avcra$c  by summing positive and

1negative va LICS of Br from  opposite sectors. ‘like IJolarity of tile magnetic Jicld was

calculated (or cacL hour]y  average. “1’IIos.c  VJIUCS wiil, amhi$uous ~,olarity (the magllctic

(icld vcctm  lies outsi c ad 600 cone  a]~gle  o{ the inward  or outwar( 1 l’arkcr  spiral direction)

lddwere not inc u c in t}le hin average nor were data poiIlts  (or  wl]ich il~c calculated polarity

}Iad the wrong sign.

“J’]lc results oktainecl using ICI;  and IM]>-8  daia arc sI)ow,, iT, ~igure 3 (or cac}l of

the years 19841-88. ‘Jlc data points rcprcscnt (ivc degree ma~t]eiic  ]aiiLudc bin averages

d }all tllc error Jars arc> t}tc slandard  error. “J~Ic agrccmcnt  is quite gc,cxl ])ctwecn ICE

(closed circles) and IMP (open circles). ~ua]i{ativc  in$.pccLion  of this figure reveals several

features. I) An abrupt rcvcrsa 1 of the field occLlrs acrt~ss tlrc }lclisop}lcric cLlrrcnt sllcci.

2) No cvidcncc  [or an asymmetric magrlcLic fic]d is SII ggcsLcd; tllc ~ic]d  is rough]y t~]c
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11 \ hc]ow  the current sheet ant! 3) A small positive gradic~~i  in Brsalne magniiu~  c a >ovc anc

1wit]~  ]atiitl[  c exists.

l.)iscussio,,  a,,cl Co*,c!lusions

Magnetic coordinates Lavc Ace,] fou,]d  to  giw a kigll dcgrcc  of organization to

1 11 1  l,llt,,o  si*llilar sillcly  l,as~,rcviollsly kccllso ar Will( p asma pararnctcrs  in prcvio Lls stuc ics

1(carric( owt or illc magnclic (iclcl. ZILao and 1 lund.ha~lscn  [1 981] used a tiltccl  magnciic

cl”coor lnatc  systcJn to investigate the rnag]letic latitude clcpcndel~ce  OJ solar wine!

paramclcrs  (or six solar rotations in 19741 WLCII  tllc st,lar will d displayed a simple tiltcd-

dipo]c con{iguratio,]. A~~a]YLica]  expressions for the cl[pcndcIIcc 0[ the varioL~s so]ar wincl

parameters on magnetic latitude  were clcrivcd. In anot~]er  stLldy,  using 1 Iclios-1,  Hclios-2

and IMP-8 data from  1976-77, 13rLmo[l 986] invcsti~ated  the dependence of solar wind

I clistancc  [rem dlc current sLe{,t.parameters on angLl ar “J’l~c  Lcliospheric  current sheet

was (ouncl  to Lavc a strong inllue,,cc  in orgar,izing solar wind parameters. “1’~c  velocity,

density and temperature were found to Lave a strong latitL1dinal  ~radicn{  whereas other

parameters il]clucling the magnetic energy  clcnsity  wcJc found to Lavc no variation with

latituc]c.

1Since  t ]c rang’c of hc]iographic  laiitudcs investigated in this study is sma][, short-

tcrm (Lour]y)  averages Lavc h2Cll USCd.  & po inted  out  hy ]] u,,dkauscn  [] 978] a l ly

“dfl l-l 11cvJ cJIcc or atituc IJIa variations in so ar wil)c  param[’ters  arc di((icL,lt  to okscrve  in so]ar

rotation averages of data unless tLc spatial variation is simply orga,lizcd  shout the solar

equator or tLc range of latitu~es covered  in the analysis is large. AliLoLIgk  tLc discussion

O( I ]undLause~l  is applied to tl~c solar win d velocity, it could just, as easily be applied to

latit~lde  variations in tLc magnetic fielcl.  As }]und~~ausm] points  out, a wide class O(

possible spatial variations is virtually undctcctalJc  in t.Lc lol]gitucle-averaged parameters

L d 1- do serve over a lmitc  near-cquatoria1 latitude range. Although  3-solar-rotation averages
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at Ulysses show Ilo evidence o J a latitude c!epcnclcncct long-terln  averages yield no

r IIJill ol-matiol)  oll t IC L cpcn encc cm magnetic latitude since t},c (ull range  0( magnetic

Iatituclcs  arc samplccl  during  a solar rotation. “J%c problem reduces to aJl investigation OJ

the  dcpc]ldcncc  011 heliographic latitude, a Aistillcl  pro , cm11 from wl)ai i s  considcrccl  here.

Although  llOIle  Of the solar models predict  a li,,car  variatio,,  i,, (iclcl strength  with

lalitudc,  visual inspection o f figure 3 suggcsls it is a rcaso,]ahlc  fit to the data for the

ral~gc o( latitudes investigated in this study. ‘]<Lc slopes 11,  inicrcepts  anc corrc  ation

((” J 1“ f 1coc Icicl]is or a lncar It to the bin averages arc s lov,n in Tahlc 1 separately (or positive

and l]cgative sectors for each year. I’he average value o~ ~]r in positive and negative

sectors is also shown. ].istcd in the last colurml is the average sta~ldard  error (or each year.

The s]opcs arc consistcllt]y  positive in both helnispheres at Loth ICF! and IMP-S

for each of the five years of the siudy. I’hc average va uc o1 f the slope over the five year

pcriocl  is ().()3 n“J’/ O. AlihoLIgh  there is no systematic variation iI) the slope from year to

year, the clata suggest a solar cycle dependence with a slightly stronger ~radicnt  near solar

mi~~inlum,  1985-6 .

lnspcctio,, of ‘~’ahlc I reveals that the awn-age values o~ I;r for positive and negative

k b] ]1. in foLIr out o~ five years the di((ercnce  hctwecn  the avcra~csectors agree rcmar a y we

1va LIC ill the positive an d negative sector is wit],in  the avm-agc  standard error for that year,

“1 Jsirong CVI( ence or the absence o fan asymmetry in the field magnitude.

]n figure 4 the results of this study arc cornparcd with existing models. ].)ata from

all five years of the study arc supcrposcc~  011 the predicted rc]ative  variation in Br. ‘J’he

}a nmpt rcvm-sa 1 in the sign ol }~r is also ccmsistent  with ihc current sheet model of wo]fson

and the Ml J].) model of Pncuman  and Kopp, hut inconsistent with the ~radual variation

d 1. ‘~’hc oLscrvcd gradient in ]~r is qualitativelythat typifies the source surface mo c s

“1consistent wJt I that predicted hy the ]’ncunian  an d KO PP mode] and consistent with
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CII 1-( d (recent rno c s  nlml IC to acccrunt or the rcccl~i LJ]YSSCS higl,-laiilude  ol)scrvaticms,  [Cf.,

zllaoall(l JJc)cLscnla,  1995].

‘J”hcakscncc  of an asynlnlciryin (icld strc,,gth l,ctwcc,, the nor[l,er,,  crl]d soutl)crv,

hemispheres contra dicis  the earlier stLldies  of interplanetary data. ‘J’hc ]~aturc of the

~raclic]lt isalsoi?lco~lsistc]  )iuritll  illai I)rcdiclcd  l)Y].,ulll)la]lll.  }~or that  Inodcl, IIOi  olllyis

dlc (icld s[ronger  ill one 111”Lcmispherc,  ~ui t IC g)ac Icnt rcvcrscs  sign al {he sector Lounda,Y,

d- I-. 1 ihc pole in ~mc hemisphere and s{rongcr  in thein lcating that the field  ~cis wca ~cr towar(

other.  ‘J’he cause 0( these inconsistencies is uncerla in at pmscnt hut is presumably  a

fl 1consequence o tllc ana ysis approac  I that was LLSC( !. \Ve Lavc co]lcclltraied  o n  Br rather

than I l~r [ crr other possihlc choices an d have avoidccl  :,vcragil]g  over intervals col~iainin’g

1’1 1mu tlp c cllrrcnt s lcet crossings.

1 f this s{udy,  solar ,Ili,,imlm and the ascc,,ding  phase of tl,cDuring  the intcrva  o

solar cycle, the dipole term is the dominal,t  con]poncnt  in the cxpa,~sio,,  of the solar

magnetic field. “l’his is cm, irmef c1 hy tLe t w o - s e c t o r  siructurc  ohsmvcd in tke p o l a r i t y

pattern 0[ t h e  i n t e r p l a n e t a r y  magnetic  field claia (not  shown) .  Our  mc{hod 0(

dctcrmini,,g  magnetic ]atiiudc  re]ics on sir,, p]i{icatio,,  [I f the actual source surface neutral

line contour into  a ncutra 1 line drai represents only ihc dipole tcrlu. ‘i<Lc mm-it O( this

1111 1met ]oc c cpenc  s on the strength of the dipole term rc ative io the l]ighcr or w terms ind

d,c spherical harmonic cxpansio*l  of tLc solar ,na~netic field. AlihoL,gh  cluring  IIIL,Ch of

the solar cycle the simp]c notion  0 [ a tilted  dil}olc is i,,corrm~,  ,,car  solar mi,~imum, the

dipole is tl,c  domi,,ant  term a,,,1 our simpli[icatiom  shoLlld  prove a good approx imat i on .

Whe the r  o r  no t  ou r  results apply to other  phases o ( d,c solar cyc l e  r ema ins  t o  I,c

1invcstigatc( .
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“I”al]lc  1. Slope, intcrccpt  an clcorrclaticm coefficient (r) fora linear fit to Clata al,ovc a,l(l

Lclovillcc,lrrc,lts  llcctscparatclyJ  orcacllyc{ir.  ‘J’l,cavcragcvaue] (orcach scctorisa]so
1s lowll. “J’Lc last column  is tllc average slanclard error /or tllc year.
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};i~urc  Capticms

l:igurc 1 .  l;ronl\Vol(son [1985]  colll~)arirlg  tllcvariiltioll  ill 13r10rtllrcc solar l~lag13ctic

(icld models. “J’}~c ficlcl associated with the source surface model varies gradually as t}lc
s ine  o[ the solar la{i{uclc. TLc model 01 Wolfson,  which includes the current sLcct,

d 1 h reverses  ah] upt]y at the scclor  Loundary. ‘1’]lcprcclicls  a conslant  field  :nagl]itu e w lic
M 11 D nloclel O( Pncuman  an ~ Kopp [ 1921] prcdick I)oth a sLron~cr (ie]d at ~~igh  ]atitudc

1 1an[ all  a wLlpi  rcwrsa ] of the (ic]cl  across the currc]it  s] Icct..

l;i#urc 2a. ISource sur ace ncutra 1 line codours  [ll(~clwcnla, 1986] used to c~ctcrminc

1 cl . Barrington rotation 1 753in1984 is shown.magl]ctic  a{itu c ‘he sinusoic!al variation

01 tllc ,,eutral line is c),aractcristic  0[ tl~at  parl of the solar cycle wl,cn the clipolc term is

1c ominant. ‘J’Lc ]ongituclc 0( the dipole is assume d to IIc 180° (rc)m tl~e midpoint hctwccn

tl~c ascending and descending crossings o1 ihe newt ra] line colltc]ur with zero degrees

latitude. lnor this solar rotation it is at 60° Carringt<,n longitude. ‘1’kc  colatitude  Of ~~le

so]ar dipo]e  is equal to t],c ~~scL1doi,~c]i,~aiioll,  43°.

l;igurc  2L. “J’hc iclcalizccl ncutra 1 line tc)pology  dcrivcc 1 from t}lc so~lrcc surface contour of

1pallc a.

~~igurc  3 .  l~ivc degree  ~nagnctic l a t i t u d e  Lil~ avcrafics of tllc ?aclial conlpo~lcnt  O( tl~c

magnetic licld from  ICE (C] OSCC!  circles) and 1 MP-8 (open circles)  , hOdI  at 1 NJ. ‘Jle
data  is s~)own separately (or t},c years 1.984 througk  1988. ‘J’l,e error Lars denote tllc

standard error of the hi,,. ‘Jlc dashed lines arc the averages for cac}l sector.

Figure 41. i-”Similar to ]gure 3 except lmre data (rem al] years 1984-88 are p]otLcd  an tkc

same pallcl. ].illcar  ~its to the clata (dashed line)  give ~~r D .027(0) -i 2.87 and Br D

.032(0) - 3.08 (wLcrc 6 is tile magnetic latitucle) /o, clata shove a,,d Lelow the current

1 ] Also showm  arc the field variati(,ns characteristic of  the models O(s lcct  respective y.
Wolfson (solid line)  and the M 1 ID model O( P~~cuma~l  and Kc)pp.
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